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Abstract:

Forests are dynamic ecosystems that experience cofistanations in structure,
composition, and extenthough much is known abodisturbance regimes and landscape
changan the northern Front Range of Colorado (NRRere currently is no quantification of the
extent of forest cover change for the NFR from the early 1900s to the ptdsegih, we
combine repeatlandscape photography and aerial photography to assess changes in forest
extent across the NF&Ver tre pastentury The data included in these analyses are spatially
comprehensive, covering 320,000 ha, and in the future may be pairedbavetirom66 field
sites in which stand ages ai@ scarswere extensively sampled, with models derived from
these dataOblique landscape photos provide a unique and importanilmatian to this work
by extending the temporal coverage of the data (ca. 1900 to present), and providing useful
records that can be utilized by local managersn@rpretation and outach Preliminary results
suggesslightincreases in forest covecross OSMRropertiesurrounding Boulder, CQGanda
majority of these properti€s87%)meet previously established criteria suggesting thedt fu

treaments and forest restdion areconvergent goals.
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Introduction

Forestsare constantly changing in response to climatic factodpgical disturbances,
andpatterns of humaland usgHansen et al. 2013These dynamiecosystems are crucially
i mportant to the earthods biospher AOZ®WIS5pvi di ng
playing a major role in the global carbon cy@®nan 2008)protectingwatershedjuality
(Rocca et al. 2014pndsupplyingnumerouseconomic, social, and spiritual benefits. Because of
this, ecologists have long beatelested in forest dynamigattiwill 1994). While past
ecosystem behavi@s not a perfect analog for the futyidillar et al. 2007) retrospective
studiesusing tree ring dat@harcoal pollen,andhistorical documentand photos casitill
provide important insight into the way tHatestecosystems may respotaiffuture events,
improving maleling effors, and better defining lines fafture inquiry(Swetnam et al. 1999
Hayward et al. 2002 While much is known about the historical ecologgoniferforests inthe
northern Colorado Front RangeKR; Veblen and Donnegan 2BKaufmann et al. 20Q6the
basis for our knowledge is primarily derived from localized edadies or samples frothe
broader landscape. In this project, we have the goal of developing seamless mapsaferest
across the RR for the timeperiods of 1938, 1999, and 201ich will be useful for
comparison wittpatterns othe potential drivers of forest changeimate, disturbance, and
development)We have also paired these images with oblique landscape photos, captured ca.
1900 and 2016.
Wildfire and Disturbance in the NFR

Wildfire is one of the most important terrestrial disturbar{Besvman et al. 2009rnd
has played a kesple in forests ofthe NFR (Veblen and Donnegan 200%)rior to the 28

century fires were relatively frequent and of lemvoderate severityn low elevation montane



forest and grassland sites (beld®260 m) but fire severity typically increased with elevation,
and highelevationconiferous forests often experiendatge, high severity fires initiated by
extreme droughiSibold et al. 2006, Sherriff et al. 201Zhe midlate 1800s were a time period
of heightened fire activity in theFR concurrent with widespread droughts throughout the
Rockies(Veblen et al. 2000, Kitzberger et al. 2007, Sherriff and Veblen 2008, Schokahabe
2011, Gartner et al. 2012Jhese decadesgerealso coincidentvith increases in logging, mining,
and oher impacts from Eurdmericans whichdemonstratedisible influenceson forest
structure(Veblen and Lorenz 198&eblen and Donnegan 2003 his period of enhanced fire
activity (Era L ca. 1850° 1920) was followed by the firexclusionera Era 2: 19201 2000), in
whichrelativelyfew fires burned across much of th&R), likely due to a combination of direct
fire suppression, grazing by cattle and shésegk of combustibleuels in higher, recently burned
sites,andunsuitable climatic condititsfor ignition and spread. The relative ecological impact
of this gap in fire activity varieBom low to high elevation sitesind forests at the lower extent
of ponderosa pindP{nus ponderosgeare considered to have deviated most substantially from
ther natural ranges of variabilit§Platt and Schoennagel 2009, Sherriff et al. 2034)while
forest cover across theHR has undergone considerable change over the past century, the
relative influence of Eurd\merican fire exclusion varieat a coarsacale along the elevation
climatic gradient anét a finescale due téocal topographic variability.

Sinceca.2000,there is mounting evidence that we have entaradd era in the forests
of theAmericanWestand in thoseof the NFR, one in which anthropogenic climate change may
be the most important driver of ecosystem change. Across much of the western United States, the
area burned in large wildfires has increasiede 1984Dennison et al. 2014and more than 50

percent of thareaburnedin this time perioctan likely be attributed to anthropogenic climate



change, rather than just natural climate variabjitlgatzoglou and Williams 2016%imilarly,
bark beetle outbreakBendroctonuspp. andps spp.)can transition from endemic to epidemic
levels with warmetemperatures and increased drowgjresgBreshears et al. 2005, Raffa et al.
2008) and the area attacked bgetles hasxpandedn recent yeax(Bentz et al. 2010, Chapman
et al. 2012)Becausanany disturbance types (e.g. fire and insect outbreaks) are predicted to
increase under continued climate warmimgs important toundersand the effect these events
have on forest structure and subsequent successional trajelariesr 2010)
PastForest Change in the NFR

Previous studies of the changedorestcoverandstructure across theAR have used
historical documentary sources, historical aerial and oblique landscape photography,
dendrochronologicalata,and remote sesing techniques, biiave been spatially afut
temporally limited Veblen and Lorenz (1986, 199daired historical landscape photos (ca.
1900) with contemporary photos (ca. 1980), tree diaig, and historical records of land use to
describe structural changes in montanesarimhlpingorests of theNFR. A series of studies
publishedoy members of the Veblen Lab at ®&tween 2000 and 2012 have used-tieg
methods to document spatempaoal patterns of fire history and associated changes in forest
structure across Boulder Coumtythe lower and upper montane zoKésblen et al. 2000,
Sherriff and Veblen 2006, 2007, Schoennagel et al. 2011, Gartner et al. R84t treeing
based research performed by a different resegnaiip suggests similar trends in lower montane
zone of Boulder Count{Brown et al. 2015)The extensive treeng dataset of the CU group has
recently been used for a comprehenspatial reconstruction of historical fire severity and its
comparison with actual and potential modern fire severity across the montane zone of the NFR

(Sherriff et al. 2014)With a slightly different approachVilliams and Bakef2012)used



General Land Office records aadsociatetbearng tree information to quantify historical forest
structureand fire regime class in the NFRespite the differences thata sources and analytical
methodsthese aforementioned stude® cohesive in that theemonstrate two important
findings: 1) Conersion of some grassland sites to faedtlower elevation®) Increasing fire
severityand decreasing frequenagth elevation, with montane foreststhe NFRshowing a
wide range of historical fireegimes.

The air photo approach has been sucoéigsitilized in previous workn the NFR and
provides substantial increases in spatial resolution and extent when compared to other data
sourcesMast et al. (1997)isedmanualphotointerpretation historic mapsand a binaryemote
sensingclassificationof forest vs. nofforest to quantify tree invasion into grasslands at three
study areas lower montandorests surrounding Boulder, CD9371991 Platt and
Schoennagel (200@xpanded upon this approach by developing a sophisticated classification
algorithm, and surveyg 39 separate sites acrase montane zone in Gilpidefferson, Boulder,
and Larimer counties. Our approammbines image classification of 308 of these air photos
with oblique landscape photography and extensive field dedgiding seamless estimates of
land cover across broad spatial (ca. 320,000 ha) and temporaldQ@3Bextents. Specifically,
we had thedllowing objectivesl) Assess changes in forestent across thBlFR using oblique
landscape photos and aerial phot@3 Determine thepatial associationsf historical fire
regime recruitment pulsesnd topographic position witbhanges in forest éant across the
study area (1938.999). 3)For the most recent time period of analysis (1:2095), assess the
effects of wildfires and bark beetlatbreaks on changes in forest extent

Methodsi Landscape Photos




Data Acquisitioni In databases managey the Boulder Public Library, the Denver Public

Library, and the Colorado Historical Society, we performéatgeted search for landscape

photos covering portions of Boulder OSMP properfiéany of theimagescontained in these
databasewere capturedby early phaographers in the Boulder areauch as William Henry

Jackson and Joseph Sturtevabétween 1890 and 191@eblen and Lorenz (1986, 1991)
previously collected ~70 of these repeat landscape photos, aretentcollectionprovides20
additioral image pairsn the areas surrounding Chautauqua, Flagstaff MountainfSeer 6 s Par Kk
and Mount Sanitas in Boulder County, CO.

Photo Relocation and Image Processing Following the identification of images ilibrary
databases, we acquired lgesolution digital scansof these images and-located the

approximate location of the original phowhen the original photo location was obstructed by
vegetatioror recent developmenive located the nearest suitable site and repeated the image
from a slightlydifferent vantage poinDuring photo collection, we also recorddd@M

coordinates and elevatidar each photo point for future us&/e collected imagerin the field

during the time of day that bestecesated the oginal exposure, typically early to dhimorning.

After image collection, we manually aligned and cropped the recently collected image to match
the historical photo. When historical and contemporarygasgrovided a reasonable madcial

were judged to be useful, we requested or purchaseedsglution copies of these images from
library collectiongo facilitatereproduction and printing.

Methodsi Air Photos

Study Areai Our study are#or the aerial photoencompasses ~320,000 h&ioulder,Clear
Creek,Gilpin, Jefferson, and Larimer Coues, andanges 39.-40.7 N, and 105.2105.6 W

(Figure 1 Table 1. Climate varies widely across the regi@amd éevationsin the study area



rangel6004200m Along this elevational gradientegetation in the study aréagins with

short grass prairiatthelowest sites, transitioning into lower montdneests(principally
dominated by,inus ponderogsand upper montarferests(Psuedotsuga menzieamdPinus
contortg with fewerPinus ponderosga At the highest forested sitdainus flexilis Abies

lasiocarpa Pinus contortaandPicea engelmaniare commonly foundgiving wayto alpine
vegetatiomat ca. 3400nfKaufmann et al. 2006 Euro-American settlement of tHéFR rapidly
increasd in the mid1800s and logging and mining impacts are widespread, with recovery rates
from these anthymgenic disturbancegarying across the landscafeblen and Lorenz 1986)
Datasets’ We acquiredaerial images and GIS dataskfsthe study area from several sources.
Historical air photos were available through the University of Colorado Boulder Library, and
were originally captured in flights by the United States Departmefgotulture in 1938 and
1940 (Figure 1; Table 1Yhough the images were acquired in separate time periodgranly
flight line of 35 photos was collectéad 1940 (the majority having been captured in 1938

UC Boulder Library scanned and digitizedeo 1,700 individual images from this tirgeriod
covering much of the NFRrhescanned imagemebetween 1.2 ani4min nominal ground
resolutionwith pixel sizevarying based ortamera ditude and ground surface elevatidine

aerial photo program as originally established to inventory timber stands and monitor
agricultural area@Matthews 2005)and has continued to operate intermittently within the NAPP
and NAIP (National Aerial Photography Program and National Agricultural Imagery Program,
respectively) Therefore, waacquired datarbm the NAPP (1999, greyscale), and NAIP (2015, 4
bands in visible and near infrared portions of the spec}riancompare with historical imagery

These recently collected datasets have 1m spatial resolution.



For later use in GIS analysis, we have obtdiseveral ancillary datasets. These include
digital elevation models (10m) from the US Geological Sufi#GS1999) as well acurrent
land coverand vegetatiodata from théNational Land Cover Datas@domer et al. 2015rnd
LANDFIRE (Rollins 2009) Wealso obtained layers describing the locations of water bodies and
building footprint angpbarcel data from county and city GIS databases] data from Open
Street Mapand LiDAR-derived caopy height models that cover city open space properties in
the foothills near Boulder, CO. Additionally, we have identified 66 separate field sites in which
data were collectetb summarize fire history and stand afféigure 1). These sites weresabset
of those synthesized in Sherriff et al. (201)d were selected because theyewithin the
footprint of theavailableaerial photos. fiese sites, as well as the modlelire regime class
created from thenhave yet to be directly compared to changdand cover and forest extent.
Air Photos,Data Processing and AnalysisFollowing data acquisition, we georeferenced the
historical air photos usingnetadatarbm each image that described the approximate center
locationof theframe. The images wergiginally provided in .jp2 format, and we converted
them to the geotiff format while projeéag the data to the NAD83, UTMone 13N. We later
mosaicked individual flight lines of images collected on the same dates (lil totalge )ist r i ps
using a splineransformatiorwith nearest neighbor +®amplingand at least 40 tie poinits
overlapping aresshared betweeadjacenimages The next step in this process is to stitch and
mosaic individual flight lines to one another. We will perform this mosaickigsimilar
manner to that described above, and will then use Adobe Photoshop CS6 to correct for tonal
differences and inconsistencies in the final imadge DOQ (1999) and NAIP (2015) imagery is
already georeferenced, orthorectified, and available i1 projection.The dependent

variable in these analyses is percent forest cover (canopy cover) in an aggregated pixel, where



spatal resolution of the dataset will lb@sed on the accuracy of georeferencing between
historical and contemporary imagery @lig in 2100m x 100m cells).
Following Coburn and Rober{2004) we used an expandivgndow methal to
describe the variance tonality (pixel brightness valuggaround each pixeh each imageln
short, this method computes the mean and standard deviation dbngkehess/alues in 3x3,
5x5, 7x7, 99, 11x11, 13x13, and 15x15 pixeindows surrouding each cell in the original
datg then summing the result of all operatiovite computed the local standardviiion to aid
in differentiating between cover types that have similar spectral characteristics but different
levels of local variation. Thigpproach was experimental but demonstrated promising results for
some of the available imagemnd appears particularly useful when differentiating between
dark, homogeneous areas (such as shadow or water), and dark areas with variance (forests)
Similarto Platt and Schoennagel (2009), alsoidentified dark pixels surrounded by
light areas in an effort to improve the classification of individual trees that may spaearally

differentthan patches of dense, contiguous forest. This method alsorusgsmading window

approach, and utilizeébe mean and standard deviatfoom eachwindow as follows:Q"®

¢, QU QOO p Qaickd wU T, wherex is the value of cell being considered,

is the cell val u,érepresents themeandwihinkhe wisdewof d gavgn size
(3,5,7,9, 11, 13, 15), andis the standal deviation of pixel values in thmewindow. So a
pixel is considered to b@gnificantlydarker thants surrounding# if it has a value lower than

the the window meafm) minus two standard deviatio(s). These calculations are then

summed acrosall window sizesWe completed these analyses in Python 2.7, using the GDAL
(Geospatial Data Abstraction Library), SciPy, and NumPy modweshave also experimented

with image segmentation methods that group pixels with relatively similar values tagather



objects(e.g. segment mean shikkmean$. This approach has gained popularity among analysts
working with highresolution data, and may be especiallgfusdue to tonal differences between
similar cover types odifferent slopes and aspects anaga tilesSegmentatiomay also

account fopoor image quality in portions of the historical air phqsaitt and Schoennagel
2009) It is alsopossible to incorporate the size and shape (circularity, rectangularity) of
segmented objects into the final classiiica.

To test the more traditionpixel-based approach to image classificafji@ther than an
objectbased one)we selected training pixels along a E&gest transect of iagery tiles in
Boulder County. Weelected the location of these transects thighgoal of obtaining a
representative sample of the larger geographic region of the NFR. The transects include areas of
sparse forest cover at lower elevations as well as dense, relatively homogeneous forests at higher
elevations. These sample areasase topographically complex, having wide variations in slope
angle and aspect which leads to differences in lighting conditions. Because the goal of this
project is to dstinguishforest cover from the surrounding areas without faceser, wevisually
identified three distinct cover types. These cover types were foredipnesh (roads, bare
ground, and grassland) and water/shaddlang this transect, weelected 100 pixels each of the
three different cover types from each set of ima@g®s8, 19992015)

Next, wedeveloped a decision tree classification for each set of im&@s, 1999,
2015)based on a conditional inference framework. Similar to random forests, conditional
inference is an iterative machine learning procedure that identifiestamp variables, as well as
the interactions between variables in complex, multivariate da{@seisman 2001, Hothorn et
al. 2014) Conditional inference and random forests aseful for the purpose of remote sensing

classification because they identify optimal binary splits of values that best differentiate between
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known classefHorning 2010) in this case forest, neforest, and water/shadow. Ancillary data
such as slope, elevation, aspect, climate, or landcover classification can also be incorporated to
improve upon the spectral classificatidinough wedid have not yet completed this for this
anafsisWeused conditional i nf er dHotbaen etal. 20843nd i n t h e
assessed model f it (Kuhs 2045 bothimthe Riendronmend Folfowingk a g e
developmenbof the classification scheme, werformed a classification in a separate geographic
region. In this region, an additional E&8est transect in Boulder Countye visually identified
300 pixels each of the three cover types (900 total) for model validattbaczuracy
assessmenWetherc al cul ated producerdés and userd6s accu
pixels within confusion matrices for each set of imadéB8s8, 1999, 2015As further
validation of the 201BIAIP classification, we compared our results toaheaof OSMP
propertiesoccupied by tree crowndentifiedthrough thepreviouscanopy segmentation of
LiDAR products

To present preliminary results of the analysis, we compaasgification results for the
1938 and 2015 imageopveringOSMP propertieSOSMP propertiesvereinitially includedin
this analysisf they were withinthe extent of the 1938 imagend had visibleoniferforest
coverduring one of the time periodg¢/e then removed small, isolated parcels, and merged small
parcels (<10 ha)that share a boundary Wwiain adjacent propertg compensate for slight
misalignmenbetween image sethlext, we performed the pixblased classification using
decision rules developed in the conditional iafece analysidescribed abovelhe decision
thresholds differed between image sets (1938, 1999, 205alsodeveloped a mask lay
combiningshalows,water bodies, and dding footprints within OSMP propertieBecause

thesefeaturescan be mislassified as forestye excludedthemfrom later analysisf all image
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sets For unmasked portions of Boulder OSMP properties, we then calculated the proportion of
forest cover as the number of forestgdsxout of theotal number ofpixels within a parcel.
Results

Repeat Landscape PhotoSompleted We located and repeated over two dozen
historicallandscape@haosfrom Boulder OSMP propertiggigure 2 Table 2. Of these, we
have selected tH20 historical imagesnost suitable for future use byrgastaff and open space
offices, and have acquirduigh-resolution copies of these imadesm library collectionsAt
each photo poinve collected multiple images, thus the final presentation of our results includes
31 image pairgfrom 20 unique historical photasjVe will provide lower-resolution (Appendix
A) andhigherresolution copiesf historical ad contemporary photos, and poliotations and
metadata for eaatepeat photo poirto OSMP staffThe licenses for use of these images are
held by the Boulder Public Libragnd Dener Public Library, but are open foloncommercial
use and outreagburposes

Our results are largely compatible with previous findif\gsblen and Lorenz 1986,
1991) showing20" centuryencroachment afative conifersn somelow-elevation sites and
thoseadjacent to grasslands, as wallaan increase in forest cover within the city limits of
Boulderdue to planting of nomative deciduous species. Breschle development and
urbanization is visible in any of the images, but some areas have changed little since 1900,
providing an interesting contrafuantitative methods have been developed to compare repeat
obligueangle photography to analyze landscape ch@Rbemtulla et al. 2002andin the
future,we will assess the potentiafl these methods for use with these image pairs.
Classify Aerial Photos and Compare to Recent Change: In ProgieBollowing acquisition of

imagery (Figure 3), wedeveloped two classification methods (one implemented, one proposed)
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to analyze changes in forest extent in the NBR. pixetbased estimates of forest cover suggest
moderate increases in forest covenir1938i 2015. Total forest cover on the OSMP properties
included in the analysis increased from 31.07 to 40.33 percent (Table Byiability is

evident across much of the study areigyres 45). The most notablareas of increasgere the
forestgrassland ecotone in South Boulder, the slopes of Mt. Sanitas, and the foothills south of
Boulder CanyonResults variedcrossOSMP properties, with some parcet®wing substantial
increases, and others showing substantial declines. Upon visual inspéetiprgperty showing

the greatest declines in forest coMeR{\I) had a darker tone than much of 838 imagery,

and forest was overclassified in this area in 1938s, forest declines in this area are likely
overestimated.

The pixelbased classification metd hashown promisewi t h user 6s accur ac
forest class at 80 %. However, prodmaoyer 6s accu
shadows and water bodibsing falsely identified as foredlowever, these features represent a
low proportion of he landscape, and the incorporation of DEMs and GIS layers with information
on water bodies is likely to reduce these effetie kappa statistic for the 1938 imagery was
0.795, suggesting substantial agreement between the observed and expected viagtasoof
pixels.Users accuracies for forests in the 2015 imagery are higher (95%), and local variance
appeared to be more helpful in developing these classifications than in the 1938 imagery (not
shown).Kappa values for th2015 imagey were even higher than the 1938 datas6t835
Grasslands and bare ground could be effectively disised in all imagery sets (>=gbuseds
and producéds accuracies all image sefs The 20159NAIP classification was closely aligned
with the results of LIDAR canopy gmentation, where LIiDAR predicted 41.92 percent forest

cover across the OSMP properties analyzed and Nkassification predicted 40.33 percent
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canopy coverWhile accuracies for this classifioah arehigh, there are notable errors in
classificationon highly illuminated and dark hillopesThe forest cover typended towards
overclassificatioron northfacing slopes and underclassificatmmsouthfacing slopes.

These results are presentedhnacouplecaveats. First, we assessed classification
accuracy with a subjectively selected set of validation pixels that are clear examples of each class
(forest, norforest, and shadow/watefuture accuracy assessments will require a greater
number ofvalidation pixels in each class, and randomly selected sets of fuielging
classification Thus, our estimated accuracies may be higher than those demonstrated in the
actual classification. Secondlygwave not yet incorporated local minima to idgnindividual
trees surrounded by grass or lightetored land surfaces, and this is likely to improve the
classification in areas with sparegestcover. Our proposedassificationthat incorporates
DEMs and image segmentationlilsely to account fo tonal differemes between image frames,
yielding a more consistent classification across the study area, and accounting for illumination
differences on north and sotfidicing aspectand between image frames (Figure 6, Figure 7
The end result of thidassification will yield highresolution estimates of changegpgrcent
forestcover that can be incorporated into a lenanagement framework. The dataset will also
be useful to other researchers studying urbapizaind changes in land cover acrtbssregion.
Conclusions

Forests in the NFR have experienced substantial change over the last two centuries due to
changes in climate, patterns of disturbance, and human lanidogsdly, OSMP properties have
experienced slighhcreasesn forest cover between 1938 and 2035erriff et al. (2014) suggest
that areas under 2260m areddon which restoratioand fuels mitigation arenost likely to be

conwergent goalsard 87.64% of theOSMP properties analyzedeetthis criteria In short,
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thinning and burning may simultaneously accomplish the objeaiviesest restoration and
fuels reduction othe majority ofOSMP poperties Howe\er, theincreasesn forest coveare
generally modegk10%), and fuel treatments must be weighed seteal other management
objectives- notably recreation, wildlife, climate resilient@aswell asfinancial considerations
In addition, certairareashave experienced more dramatic change, and may be a higher priority
than other sites within the jurisdiction of OSMP.

The proposed classification methods described herein demonstrate promise with all sets
of imagery (1938, 1999, 2015), but steps remain before this analysis can pirealidesults
across the study arddpon @mpletion this dataset will prove useful to scientists and managers
in the NFR when developing plans for forest restoration and fire mitigation treatments, and in
developingan improved understanding of the drivers of landscape chRegeat landscape
photos provide a supplement to previous work in the NFR, and/W provide digital copies of
20 sets of repeat landscape photos to Boulder OSMRé&oinunterpretationThe licenses for
use of these images are held by the Boulder Public Library, anceDenblic Library, but are
open to norcommercial use and outreach.

Status of Work, and Next Steps

Deliverable Status Description Delivery
Final Reporand Partially | We have provided historical and contemporg Summer
Photosto OSMP Complete| repeat photographs to SMP officialsPrints of | 2017
these images can be made upon requéste
aerialphotography component is partially

compkte.
Presentation at On Track | Oral presentation of research findings at the| Feb./Mar.
Annual Research annual research symposium. Provides 2017
Symposium outreach to the community and to local

managers.
Peerreviewed On Track | From this project, we will produce at least on Dec. 2017,
Manuscript manuscript for publicatiorn a peefreviewed

journal
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Theaerial photography component to thi®ject is partially complete, and the goals laid

out within this report can beabstically accomplished by Summ2017.The steps to

completion are as follows:

1)

2)

Complete imagenpcessingand mosaicking Each frame in a given flight path has been

combined into a larger mosaic (n = 11), and these mosaics must now be aligned with one
another and tonally corrected priorfinal classification of the study area (Figure 1, Figure
5). This process is ongoing, and we recently received a small amount of funding from the
University of Colorado Boulder to provide salary for undelgede asstance on the project
during thisacalemic year.

Perform image classificatidnWe have calculated local variance and local minima within

each imagén = 308)prior to mosaicking, thus this portion pife-processing for thproject

is complete. Following creation of the 1938 mosaic, we weitfgom image segmentation to
identify contiguous areas with similar values in brightness, variance, and context (local
minima; Figure 6). We will also perform these operations on 1999 and 2015 imagery at the
same spatial resolution as the final 1938 mo@iiely 1.5 m). These imagery sets (1999 and
2015) have already been acquired and combined into mosaics covering the study area extent.
Following classification, we will then perform chandetectioranalyss at an aggregated

scale, where pixedizeof the model will bebased on the estimated alignment between 1938,
1999, and 2015 imagery. We will then pair our findings with staxdl data on fire history

and tree establishment, or with a model derived from these data, to assess the influence of
historical fire regime on 2B-century forest change. Lastly, we will use publically available

GIS data from 200@015 to assess the drivers of forest change during thispemed
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3) Assess the potentifor quantitative analysis usirthe repeat landscape photoRhemtulla

et al.(2002)outline a method for using landscape photos to quantitatively assess land cover
change, however their data were located at the exact point of original image capture, and
closely mimicked the original image collection. Therefa quantitative analysis of our
imagery may not be feasible, still, we will assess the utility of this approach, likely through

an independent undergraduate research project.
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Table 1:De<ription of historical air photo locations and time periods of collection for each of
the counties included in the study area.

County Number of Time Period
Images

Boulder 114 May 1938 Oct 1938, Oct 194(
Clear Creek| 1 Oct 1938

Gilpin 30 Oct 1938

Jeffelson 14 May 1938 Oct 1938, Oct 194(
Larimer 149 May 1938 Oct 1938, Oct 194(
All 308
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Repeat Photo Point Locations
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Figure 2:Location and direction of repeat photo points overlain on 1938 (left) and 2015 (right)
aerial imagery
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Figure 4 Diagram ofdecision tree classificatipnesults of theonditional inference framewark
and classification accuracy assessment based on dettetoriassification for highesoluton
historical air photos collected by the US Forest Servécel 938 Nodes with two paths below
them represent a binary split in the data based on the specified variable and values. N is the

number

of

trai

ning

pi xel s ctorlineeachk @rminahnode

t er mi

represents the proportion of pixels from each class in this bin, where the first value is forest, the
second is bare ground, and the third is water/shadow. Variable importance refers to mean
decrease in classification accuracyentremoving a variable from tlwenditional inference

model.
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Change in Forest Cover on OSMP Properties (1938-2015)

Forest Change
> 35% Decline
25-35% Decline
15-25% Decline
5-15% Decline
Little Change
5-15% Increase
15-25% Increase

25-35% Increase N
> 35% Increase o 1 2 4k A
I N T KM

Figure 5 Map of forest change on selected OSMP properties surrounding Boulder, CO.
Properties were included in the analysis if: (i) they included visible forest cover in at least one
time peiod, and (ii) if 1938 imagery was available for a given parcel. Percent change is
calculated as proportion of forest cover in the parcel in 2015 minus the proportion of forest cover
in 1938.
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